Colloids moving from the stream into the hyporheic zone may have a negative impact on aquatic ecosystems as they are potential contaminants or carriers of contaminants.
reductions in hyporheic flow speed (Malcolm, Greig, Youngson, & Soulsby, 2008) as well as transport of oxygen and metabolic wastes within the hyporheic zone (Malcolm et al., 2004) . In addition, pollutants adsorbed by colloids can potentially get transported more deeply into the streambed (Karathanasis, 1999 (Karathanasis, , 2000 . Thus, colloid transport in streambeds and exchange with stream water are important for the ecological functioning of the hyporheic zone.
Previous studies examined the colloid exchange flux between the stream and streambed based on field investigations, laboratory experiments, and numerical simulations (Drummond et al., 2014; Drummond, Larsen, Gonzalez-Pinzon, Packman, & Harvey, 2017; Jin, Jiang, Tang, Li, & Barry, 2018; Packman & MacKay, 2003; Packman, Brooks, & Morgan, 2000a , 2000b . Numerical simulations were conducted to examine hyporheic exchange and streambed filtration of suspended particles but with no consideration of particle settling (e.g., Karwan & Saiers, 2012) . Later, it was shown that gravity was a significant driving force for colloid deposition; and experiments and numerical simulations based on a 1-D model showed important effects of particle settling on the colloid transport (Chrysikopoulos & Syngouna, 2014) .
Moreover, field investigation was conducted about fine particles transport in rivers, and significant amounts of particles retained in the streambed were found (Drummond et al., 2014 (Drummond et al., , 2017 . Experiments and a physico-chemical model demonstrated that advection (driven by hyporheic flow associated with interactions between stream flow and bedform), particle settling, and retention (filtration) are the major process that influence the colloid exchange between the stream and streambed (Jin et al., 2018; Packman et al., 2000a Packman et al., , 2000b . Particle settling enhanced colloid deposition in the hyporheic zone (Fries & Trowbridge, 2003) , which in turn changed the bed properties including porosity and hydraulic conductivity (Mooneyham & Strom, 2018) . There were also simulations with considering particle aggregation effects on colloid exchange between the stream and streambed based on a pumping exchange model (Areepitak & Ren, 2011) . Control experiments were conducted to explore the differences between beds with and without the influence of colloids deposition (Fox, Packman, Boano, Phillips, & Arnon, 2018) . Colloid clogging and filtration in the hyporheic zone under different conditions have been observed in previous studies (Blaschke et al., 2003; Brunke, 1999; Datry, Lamouroux, Thivin, Descloux, & Baudoin, 2015; Hünken & Mutz, 2007) . Flume experiments have also been simulated with a new numerical method multiscale lattice Boltzmann method with respect to colloids depositing and suspending in stream and streambed systems (Chen, Packman, Zhang, & Gaillard, 2010) . Although these studies have indicated important roles of particle settling and retention in colloid transport in the streambed, they focused on the exchange flux of colloids across the sediment-water interface and paid less attention to the actual transport colloid processes and distribution within the streambed.
Despite numerous studies in the area as reviewed above, the following questions remain: (a) what is the distribution of retained/trapped colloids in the hyporheic zone? And (b) how do the retention and settling velocity control this distribution? This study aimed to address both questions by combining laboratory experiments and numerical modelling. We considered a streambed with periodic bedforms, which interact with the flow of overlying water and generate hydraulic gradients that drive pore water flow in the hyporheic zone. Colloids move in the bed with the combined velocity of pore water flow and particle settling ( Figure 1a ) and are subjected to retention. Although colloid retention in the bed can potentially reduce the bed hydraulic conductivity and in turn affect the flow and the colloid transport itself, such feedback is not considered here because relatively low colloid concentrations in the stream water are applied in the experiments and numerical simulations, and hence, the amount of retained colloids in the bed is small. This experimental condition follows that of Packman et al. (2000a Packman et al. ( , 2000b , Jin, Tang, Gibbes, Li, and Barry (2010) , and Jin, Tang, Li, and Barry (2015) to allow the focus of the study on the key processes that influence colloid transport and distribution in the bed.
| LABORATORY EXPERIMENTS

| Flume and sand
A flume experiment is a way to simulate the natural river with wellcontrolled conditions, by which general laws of solution or particles transport mechanism would be found. Many previous studies were based on this experimental method (e.g., Elliott & Brooks, 1997; Packman et al., 2000a ). An experiment was conducted in a recirculating flume that physically models a river with a bed of uniform triangular bedforms ( Figure S1a ). The wall of flume is made of toughened transparent glass to permit observations through visual images. The effective length of the sand bed is about 10 m, with thickness varying between 14 and 17.5 cm from the trough to crest of the bedform, and the average overlying water depth is 11.2 cm for experiment (Table 1) . A transducer was installed in the tail end of the sink for monitoring the temperature, conductivity, pH, and salinity of the overlying water.
We used artificial sand supplied by Nanjing Ninglei Sand and Stone Factory (China) for experiment. The sand was washed thoroughly to remove impurities and adsorbed chemicals following a 5-step washing procedure (Section S4). The artificial sand was sieved to retain grain sizes in the range 0.25-0.60 mm, with a median grain size d 50 = 0.387 mm. The bulk porosity (θ) was measured to be 0.457 with water evaporation method ( Figure S4 ) and considered as a constant over time during the experiments and simulations because the amount of retained colloids was low and did not cause much clogging of pore space. The saturated hydraulic conductivity was measured to be (K) 4.35 × 10 −3 m s −1 with the constant-head method ( Figure S4 ; Chinese National Standard, 1999; Jin et al., 2010; Jin, Tang, Li, & Barry, 2011) and also considered as a constant over time during the experiments and simulations. The river sand from the Yangtze River had the following corresponding characteristics: d 50 = 0.30 mm, θ = 0.355, and K = 8.39 × 10 −4 m s −1 (Jin et al., 2010 (Jin et al., , 2011 (Jin et al., , 2015 .
| Colloid properties, preparation, and measurements
Kaolinite colloids (Jihong Factory, Nanjing, China) were used in the experiments. Prior to the experiments, the kaolinite was pretreated using a solution of 2-M NaCl to avoid coagulation during the experiments. The kaolinite was placed in the NaCl solution and stirred for a day to convert the kaolinite to homoionic sodium kaolinite (Packman et al., 1996) . The treated kaolinite was rinsed several times using the deionized water until the NaCl concentration in the rinsed solution was to 20 mM. The size distribution of the kaolinite colloids was measured after pretreatment. The results showed little changes of the colloid size over time, indicating no coagulation of colloid particles ( Figure   S2 ; Packman et al., 1996) .
During the experiments, water samples were collected for measurements of colloid concentrations using an ultraviolet spectrophotometer. We determined the light absorbance for every sample at a temperature of 20°C. The measured light absorbance was then converted to the colloid concentration based on a calibrated linear relationship between the two (Jin et al., 2014 ; Figure S3 ).
| Experiments
An experiment was run using the artificial sand. After the sand was packed in the flume to create the bed with the bedforms, overlying water was set to flow over the bed at a preset velocity to test the stability of the bedforms (Table 1 ). Subsequently, NaCl was added to and mixed with the overlying water to reach an initial ionic strength of 5 mM based on previous work (Packman et al., 2000a The collected sand samples were placed in test tubes with 15-ml deionized water added. The test tube with the sand sample was shaken in an ultrasonic vibration chamber for 25 min to ensure that the colloids were detached from sand particles. Figure S4a shows the solution of detached colloids after the treatment by the ultrasonic vibration, and Figure S4b shows the effects of ultrasonic vibration on detached colloids from sands over time. The solution with detached colloids was then measured using a spectrometer for the colloid concentration, which was converted to a mass fraction of colloid in each sand sample.
Finally, we also sampled sands with retained colloids on the surface of other bedforms and made observations of the samples with a microscope, where retained colloids were found. 
where ρ (kg m 
where v t (m 2 s −1 ) is the kinematic eddy viscosity, k (J) is the turbulent kinetic energy, and δ ij is the Kronecker delta. We adopted the k-ω turbulence closure scheme (Wilcox, 2006) because it has been demonstrated to work well for separated flows with adverse pressure gradients, including flow over dunes where pronounced eddies exist (Cardenas & Wilson, 2007b; Salehin, 2004; Yoon & Patel, 1996) . The eddy viscosity in this closure scheme is given by
where ω is the ratio of the turbulence dissipation rate ε to k: Initial colloid concentration in overlying water (C = C 0 ), kg m where β * is a closure coefficient. The steady-state transport equations for k and ε are as follows:
where v (m 2 s −1
) is the kinematic viscosity of water, and the values of the various model constants are α = 5/9, β = 3/40, β* = 9/100, and Wilcox, 2006) .
The free surface was approximated as a frictionless and rigid lid, by specifying zero shear stresses at the fixed surface elevation ( Figure   S5a ). It is treated as a symmetric boundary in the FLUENT simulation package. Such an approximation of the free surface has been commonly used and demonstrated to be sound for conditions with small bedforms relative to the overlying water depth; and it enables efficient simulations with a fixed model domain (Alfrink & Van Rijn, 1983; Cardenas & Wilson, 2007b; Salehin, 2004; Yoon & Patel, 1996) .
The horizontal extent of the model domain included only one bedform. We imposed spatially periodic pressure and velocity boundary conditions on the two vertical sides of the surface water domain (and the porous bed). A constant flux condition was specified in the simulation of the surface water flow. This resulted in a pressure drop, that is, P(0, x 2 ) = P(L, x 2 ) + dP, between the two sides ( Figure S5a ).
Pressure was also specified at the upper right or lower right corner of the RANS domain in order to achieve a unique solution (Cardenas & Wilson, 2007c) . 
where θ is the bulk porosity of the sand bed, K (m s 2) direction, and h is the hydraulic head, =p = p=p/ρg + x 2 with p being the pore water pressure. Note that the above governing equations of the pore water flow are based on a constant fluid density. In other words, the effect of density variations on the flow is assumed to be small compared with that of hydraulic head gradients on the sediment-water interface generated by current-bedform interactions.
Simulation parameters are in Table 1 .
3.1.3 | Simulation of colloid transport using a modified transport equation
The colloid transport equation includes terms for the key processes including advection, diffusion, settling, retention, and detachment (Bekhit & Hassan, 2005) : ) is the components of the 2D dispersion coefficient tensor:
Here, α L and α T are the longitudinal and transverse dispersivities,
q is the magnitude of the pore water flow velocity, and D e is the effective molecular diffusion coefficient.
We took the particle settling velocity into consideration so that −v s was combined with the u i for computing the colloid advective flux.
As the colloid detachment rate coefficient (k det ) is too small compared with colloid retention rate coefficient (k 1 ; details in the Supporting Information), we neglected the detachment term to obtain a simplified governing equation for colloid transport:
Note that salt solute transport can be simulated using Equation (13) with the particle settling and retention terms removed. The larger the flow rate is in the column, the greater the breakthrough colloid concentration (C/C 0 ) is. According to the classic filtration theory, an empirical filtration coefficient of the colloid trapping is given below (e.g., Tobiason & O'melia, 1988; Ren & Packman, 2002) :
where C (kg m −3 ) and C 0 (kg m −3
) are the concentrations at the outlet concentration and input concentration, respectively, in the column experiment, x (m) is the length of the column, and λ (m −1 ) is the filtration coefficient. The retention rate coefficient k 1 is then given by (Ren & Packman, 2002) : (Table 1) . of the domain, periodic conditions with C c (0, x 2 , t) = C c (L, x 2 , t) and ∂C c (0, x 2 , t)/∂x 2 = ∂C c (L, x 2 , t)/∂x 2 were imposed. Note that only one bedform was simulated with processes and conditions assumed to be invariant between different bedforms; (b) on the bottom of the domain, a no-flux condition applies, giving a zero colloid concentration gradient ∂C c =∂x 2 j x2¼0 ¼ 0 because no local vertical flow exists and hence the advective flux is 0 at this boundary; and (c) along the sediment-water interface, the boundary condition was set as follows:
where n is the unit vector normal to the interface (pointing inward), u is the colloid particle flow velocity vector, =u i − v s , and
is the colloid concentration in the overlying water at time t. It should be noted that the overlying water in our experiments was found to be relatively well mixed and hence, a spatially uniform concentration was assumed along the long flume. However, C t varied with time as a result of the mass exchange between the overlying water and the bed and was calculated as follows:
where C 0 (kg m 
| RESULTS AND DISCUSSION
In this paper, we assumed that the retained colloids would not have significant feedback effect. The feedback refers to the fact that the former retained colloids would change the porosity and hydraulic conductivity, which may in turn affect the transport of later coming colloids. The rational is presented in Section S2.
| Variations of colloid concentration in the overlying water
In the overlying water, the colloid concentration in the experiment decreased quickly during the first day (24 hr), as shown in Figure 2a .
The concentration decline was less rapid on the second day. The concentration decreased to nearly 0 towards the end of the experiment (72 hr), indicating an almost total removal of colloids from the stream and pore water as a result of colloid retention by sand particles. In contrast, the NaCl concentration decreased relatively slowly and approached a constant, non-zero value at the end of the experiment.
NaCl, as a solute, remained in the stream water and pore water. The decline of the NaCl concentration in the overlying water reflects the mass transfer of NaCl to the pore water, without physical retention as in the case of colloids.
The numerical model simulated well the measured concentration changes in the overlying water for colloid (Figure 2a) as the coefficients of correlation (R) is 0.9854 (Table S1 ), but the model overestimated before 10 hr and underestimated afterwards. The model parameter values are according to measured sand properties, stream water flow velocities and sizes of the bedforms, and the estimated particle settling velocity and retention rate coefficient from model calibration (Table 1) .
With different settling velocities, the simulated colloid concentration in the overlying water varied greatly, because the settling velocity directly influences the colloid influx to the bed. As the velocity of particle movement is given by u = u i − v s , a higher settling velocity leads to a larger colloid influx (downward) and hence more rapid removal of colloids from the overlying water and more rapid decline of the concentration as shown in Figure 2b . As the true settling velocity (v s ) is unknown, v s was determined based on the maximum coefficient of correlation (R; Section 4.3 and Table S1 ).
Using the model, we conducted further simulations to explore the effects of the retention rate coefficient and settling velocity on the colloid transport. Three different retention rate coefficients were examined. The simulated colloid concentrations in the overlying water exhibited almost no difference among the simulations with the three different retention rate coefficients (Figure 2c ). This is because changes of the retention rate coefficient did not affect the influx of colloids to the bed and colloids were retained subsequently. These results also suggest that all the colloids that moved into the bed were retained fully even at the lowest retention rate tested. Hence, the decline of the colloid concentration in the overlying water largely depended on the mass transfer rate of colloids from the stream to the bed and was affected little by the retention rate coefficient (Figure 2b ,c).
| Variations of colloid concentration in the pore water
As the colloid concentrations in pore water were too low to measure, we examined the simulated results, focusing on the total mass in one bedform and concentrations (Figure 3c ) at two observation points shown in Figure 3b (P1 and P2) . The results show a phase of total mass rise sharply to a peak value at the beginning (t = 2,000 s)
followed by a very slow decline phase with the mass reaching 0 at the end. Similar trends could be seen in the concentration variations at both observation points. Note the logarithmic scale used in Figure 3c . The rising phase reflects the arrival of water initially of high colloid concentration. As more and more colloids were retained/trapped in the bed, colloid concentrations in water both above and inside the bed declined eventually to 0 as shown in Figure 3c . We examined the variation of colloid concentration in pore water over depth at t = 2,000 s, which exhibited a decreasing trend ( Figure S7 ). This trend is similar to that of retained colloid concentration over depth (Figure 4a ,b) but with much smaller concentration values.
Along the particle travel path that went through the two observation points (indicated by the red line; Figure 3d ), we analysed the peak colloid concentration in pore water ( Figure 3d ). As the distance (L s ) from the starting point of the path increased (i.e., moving downward along the path), the peak concentration decreased rapidly and occurred at increasingly longer elapsed time. To examine the colloid distribution in pore water over one bedform at different elevation (y), we integrated the pore water colloid concentration horizontally over the extent of the bedform at y, that is,
where C c is the colloid concentration in pore water, B is the width of the flume, and L defines the extent of the bedform at different y 
| Colloid retention in bedforms
At the end of the experiment, sand samples were examined under a microscope, and the images of sands from a streambed in our flume experiment on colloid retention show clearly evidence of retained colloids on the sand surface (Figure 1b,c) . To analyse the colloid retention in the streambed, we calculated the total mass of colloids trapped in the bedforms based on the concentrations of retained colloid particles measured at the end of the experiment. The total mass of colloids trapped in the entire bed was found to be close to the amount of colloids initially added to the stream water. Almost all colloids were retained-98.5% of colloid particles initially put to the stream water retained in the bed according to measurements, and 99.9% retained as predicted by the model simulation (more details in Figure S2 ).
The measurements also show that colloids were mainly retained in the shallow layer of the bed close to the streambed surface (Figures 4a and S8 ). The dominating retention area was within a depth below water-sediment interface of 5 cm on the stoss slope side and only 2 cm on the lee slope side. This result indicates that retention played a major role in determining the colloid distribution in the streambed. The amount of trapped colloids on the stoss slope side was more than that on the lee side ( Figure 4a ). The model simulated well the observed colloid distribution pattern in the bed (Figure 4b ).
The colloid distribution in the streambed was shown to be significantly affected by the settling velocity. In particular, with no settling or low settling velocities, the model failed to predict the presence of trapped colloids below the surface of the lee slope (Figure 4c ). Further simulation with settling velocity set to 0 showed that if there was no settling effect of colloid particles, the lee side of the bedform would contain no retained colloids from x = 0.24 to x = 0.28 m (Figure 4c ).
Colloid particle settling in pore water affects significantly the colloid transport in the bedforms, modifying the paths of colloid particle movement and distributions of trapped colloids. Previous studies (Packman & MacKay, 2003; Rehg, Packman, & Ren, 2005; showed that colloids could get trapped on the outflow side (lee side) of bedforms. Clogging of the lee side of bedform by colloids was clearly evident in the experiments of Rehg et al. (2005) . Particle settling enabled colloids to travel to a wider area on the lee side of bedforms (Figure 4a,b) .
As shown in Figure 3 , the settling velocity influences significantly the transport paths of colloids, which deviated from the pathlines given by the flow field. A relatively large settling velocity allowed colloids to reach and get retained in deep areas in the bed. More generally, increase in colloid particle settling velocity led to deeper colloid penetration into the streambed but reduced colloid retention in the upper layer ( Figure S9 ).
The colloid distribution in the bed was found to vary greatly with the retention rate coefficient. With a lower retention rate coefficient, colloids moved more deeply into the bed, resulting in lower concentrations of retained colloids over a larger (deeper) area ( Figure S10 ). Different clogging patterns associated with different To examine the distribution of retained colloids over one bedform at different heights (y), we integrated the retained colloid concentration horizontally over the extent of the bedform at y, that is, Table S1 , and combined with the R value of concentration in overlying water, the average R was calculated, and the final settling velocity (v s ) was determined to be 2 × 10 −5 m s −1 .
Comparison between the results shown in Figures 5 and 3e showed that the magnitude of the total colloid mass in pore water at the peak time (t = 2,000 s) of pore water colloid concentration was almost two order less than that of the retained mass, despite similar trends of the mass distribution over the height for colloids in both forms.
| Colloid mass variations in all phases
The total mass of colloid remained unchanged during the experiments but was distributed in different phases in different amounts at different times ( Figure 6 ). The amount of colloids in pore water was small and accounted for a very low proportion, which initially increased but then decreased to 0. The mass of retained colloids in Within the present study, the experiments and numerical simulations were conducted under relatively low initial colloid concentrations in the overlying water; and thus, the amount (0.0275% of total porosity) of trapped colloids in the bed was small and did not cause much reduction in the porosity and hydraulic conductivity of the porous bed. Thus, the feedback of colloid retention on the hyporheic flow and transport processes was not considered.
This study has provided new insights into colloid transport and distribution in streambeds with bedforms. The findings have implications for studies of the river system, in particular, in the hyporheic zone. In reality, clogging of the bed would likely occur over longer time scales, which would potentially lower the permeability of the medium and reduce pore water flow significantly; but this effect is not considered in this paper.
Therefore, further investigations should be carried out to examine questions concerning, for example, how colloids may affect the fluid density and so induce density-dependent pore water flow and how colloid retention may lead to clogging, which in turn changes the porosity and hydraulic conductivity of the medium and consequently the flow and colloid transport in the streambed.
